We report high-resolution photoelectron spectra of HCO 2 -and DCO 2 -obtained with slow photoelectron velocity-map imaging. Well-resolved photodetachment transitions to the 2 A 1 and 2 B 2 states of the neutral radicals were observed. In addition, vibronic levels of the HCO 2 and DCO 2 radicals with up to 2000 cm -1 of internal energy were calculated using a quasidiabatic Hamiltonian approach and high-level ab initio calculations. Spectral simulations using the calculated levels were found to be in excellent agreement with the experimental spectra and used to assign many of its features. This study unambiguously determined that the 2 A 1 state is the ground state of both HCO 2 and DCO 2 , in contrast to earlier work that indicated the 2 B 2 state was the ground state for DCO 2 . For both isotopologs, the 2 B 2 state is a very low-lying excited state with term energies of T 0 ) 318 ( 8 cm -1 for HCO 2 and T 0 ) 87 ( 8 cm -1 for DCO 2 . The adiabatic electron affinities are determined to be EA(HCO 2 ) ) 3.4961 ( 0.0010 eV and EA(DCO 2 ) ) 3.5164 ( 0.0010 eV.
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I. Introduction
The formyloxyl radical (HCO 2 ) is a reactive intermediate on the potential energy surface for the OH + CO reaction, a reaction of fundamental interest in combustion and atmospheric chemistry. [1] [2] [3] [4] [5] It is also a possible intermediate in the thermal decomposition of formic acid. 6, 7 Formyloxyl also serves as a prototype for the more complex carboxyl free radicals such as CH 3 CO 2 , PhCO 2 , and those derived from amino acids. This species has proven to be very difficult to characterize experimentally because of its metastability with respect to the H + CO 2 dissociation. [8] [9] [10] It also presents theoretical challenges owing to its two low-lying excited states, which strongly mix and result in a strong pseudo-Jahn-Teller (PJT) coupling that may or may not distort the ground-state equilibrium geometry from C 2V symmetry. [11] [12] [13] [14] [15] [16] This coupling renders the accurate computation of the geometry and vibronic structure of this species difficult. In this paper, we characterize the vibronic structure of the HCO 2 and DCO 2 radicals using slow photoelectron velocity-map imaging (SEVI) 17 in combination with a theoretical treatment using a quasidiabatic Hamiltonian approach parametrized by high-level ab initio calculations.
The HCO 2 radical has proved rather elusive. The first reported observations of the formyloxyl radical were made on the basis of emission from vacuum ultraviolet photoexcited formic acid 18, 19 and SCF molecular orbital calculations. 20 However, this emission could also have originated from formic acid itself. 21 While MacDonald and Sloan 22 found that the F + DCOOH reaction yielded HF and DF, suggesting that both HOCO and HCO 2 isomers were formed, a subsequent photoionization mass spectrometry study 8 of the same reaction found only HOCO and CO 2 products.
The first definitive observation of the HCO 2 and DCO 2 radicals was reported in 1995 by Kim et al. 9 using negative ion photoelectron (PE) spectroscopy of the formate anion, HCO 2 -. The C 2V geometry of HCO 2 -is well established, 23- 9 also carried out a vibrational analysis of the PE spectra with Franck-Condon simulations assuming C 2V symmetry for the anion and three neutral states. The vibrational modes in this symmetry are shown in Figure 1 . There are three totally symmetric modes (ν 1 -ν 3 ) with a 1 symmetry, one outof-plane mode (V 4 ) with b 1 symmetry, and two in-plane modes (ν 5 , ν 6 ) with b 2 symmetry. Photodetachment transitions to all three states were dominated by progressions in the ν 3 mode, owing to the sensitivity of the OCO bend angle to the charge and electronic state of HCO 2 , with considerably less activity in the ν 1 and ν 2 modes. The simulations performed reproduced many but not all features in the spectra, and the authors concluded that vibronic (PJT) coupling between the 2 A 1 and 2 B 2 states via the two vibrational modes of b 2 symmetry was responsible for additional peaks in the experimental spectrum. However, no quantitative assessment of vibronic coupling effects was performed.
Clements and Continetti
10 also used the formate anion as a starting point to probe the formyloxyl radical dissociation dynamics via photoelectron-photofragment coincidence spectroscopy. They found that the three lowest neutral states of HCO 2 predissociate to H + CO 2 .
The formyloxyl radical has also been the subject of several theoretical studies, [11] [12] [13] [14] [15] [16] 23 most of which were aimed at mitigating a tendency for this system to exhibit artifactual symmetry breaking effects and obtaining geometries for and energetics of the three lowest electronic states. However, even in quite sophisticated calculations, the splittings and energy ordering of these states cannot be determined with certainty. Some harmonic vibrational analyses also have been reported. [14] [15] [16] While these can be used to characterize the curvature of the various potential energy surfaces, they do not provide an accurate estimate of the vibronic level positions and zero-point energy corrections, owing to strong mixing between the different states.
In this paper, we report high-resolution SEVI spectra of HCO 2 -and DCO 2 -in the electron binding energy range of the 2 A 1 and 2 B 2 neutral states. The increased resolution afforded by SEVI allows the clear separation of the main peaks as well as the observation of several weaker transitions that were not discernible in the previous PE spectrum. Vibronic levels of the HCO 2 and DCO 2 radicals within 2000 cm -1 of the ground level are calculated using a quasidiabatic Hamiltonian approach parametrized by high-level ab initio calculations. Spectral simulations using the calculated levels are found to be in excellent agreement with the experimental spectra and are used to assign its dominant features. The combined experimental and theoretical analysis yields improved values for the electron affinities of HCO 2 and DCO 2 , a revised assignment for the electronic ground state of DCO 2 , and new insights into how vibronic coupling effects are manifested in photoelectron spectroscopy.
II. Experimental Section
The SEVI apparatus has been described in detail elsewhere. 17, 28 SEVI is a high-resolution variant of PE spectroscopy in which mass-selected anions are photodetached at a series of wavelengths. The resulting photoelectrons are collected by velocitymap imaging (VMI) 29 using relatively low extraction voltages, with the goal of selectively detecting slow electrons with high efficiency and enlarging their image on the detector. At each wavelength, one obtains a high-resolution photoelectron spectrum over a limited range of electron kinetic energy.
In this experiment, HCO 2 -(DCO 2 -) anions were produced from a gas mixture comprising ∼0.1% formic acid (formic acidd 2 ) and 5% CO 2 in a balance of argon. The gas mixture, at a stagnation pressure of 300 psi, was expanded into the source vacuum chamber through an Even-Lavie pulsed valve 30 equipped with a grid discharge described in detail elsewhere. 31 Anions formed in the gas expansion were perpendicularly extracted into a Wiley-McLaren time-of-flight mass spectrometer 32 and directed to the detachment region by a series of electrostatic lenses and pinholes. Anions were photodetached between the repeller and the extraction plates of the VMI stack by the gently focused frequency-doubled output of a Nd:YAG pumped tunable dye laser. The photoelectron cloud formed was then coaxially extracted down a 50 cm flight tube and mapped onto a detector comprising a chevron-mounted pair of timegated, imaging quality microchannel plates coupled to a phosphor screen, as is typically used in photofragment imaging experiments. 33 Events on the screen were collected by a 1024 × 1024 charge-coupled device (CCD) camera and sent to a computer. Electron velocity-mapped images resulting from 50 000 to 100 000 laser pulses were summed, quadrant symmetrized, and inverse-Abel transformed. 34 Photoelectron spectra were obtained via angular integration of the transformed images. The spectra presented here are plotted with respect to electron binding energy (eBE), defined as the difference between the energy of the photodetachment photon and the measured electron kinetic energy (eKE).
The apparatus was calibrated by acquiring SEVI images of atomic chloride at several different photon energies. With the -350 V VMI repeller voltage used in this study, the Gaussian width (2σ) of the chloride peaks were 4. . Line widths in the spectra presented here (∼15 cm an unresolved rotational profile may not be aligned with the observed peak maximum, we report error bars of one Gaussian standard deviation (σ) for all energy determinations.
SEVI also provides information on the photoelectron angular distribution (PAD). For one-photon detachment, the PAD is given by 35, 36 where θ is the angle between the direction of the photoelectron ejection and the polarization vector of the incident photon. The anisotropy parameter is sensitive to the shape and symmetry of the anion molecular (technically, Dyson) orbital from which detachment occurs. It lies between +2 and -1, yielding limiting PADs of the form cos 2 θ and sin 2 θ, respectively.
III. Results
SEVI spectra of HCO 2 -and DCO 2 -in the electron binding energy range 26 500-31 500 cm -1 are shown in Figures 2 and  3 , respectively. This spectral range includes the features that were assigned to the 2 A 1 and 2 B 2 neutral states in the previous PE spectra, 9 although the PE spectra covered a considerably larger range of eBE. Each figure shows three traces corresponding to different photodetachment energies that are vertically offset for clarity. The peak positions, shifts from the origin, and PADs are summarized in Table 1 . The value of depends on the detachment energy 37 and thus peaks having 0 < < 0.3 are simply labeled as "s" while those with > 1 are labeled as "p".
The SEVI spectra presented here are similar to the previous PE spectra. 9 However, the increased resolution afforded by SEVI allows clear separation of the main peaks as well as several weaker transitions that were not discernible in the previous study. In Figures 2 and 3 2 , the origin transition to the low-lying 2 B 2 state was assigned to a feature corresponding to the small peak labeled C, with "s" PAD, at 28 516 cm -1 , and this assignment is confirmed in the work presented here. The SEVI spectra of HCO 2 reveals another weak peak labeled B with the same "s" PAD and located below peak C, at 28 239 cm -1 ; this feature is assigned as a sequence band (see section V). The DCO 2 spectra show a similar pattern with peaks B and C at 28 449 and 28 792 cm -1 , respectively. However, our analysis indicates that for this isotopolog, peak B is the origin transition for photodetachment to the 2 B 2 state. Several weak peaks are also found below peak A in both spectra and are labeled with the lowercase letters a-g.
Comparison of the traces in Figures 2 and 3 shows that the relative intensities of some features in the SEVI spectra change as the photon energy is varied. This effect reflects the Wigner threshold law, 37, 38 which defines the photodetachment cross 2801 s a Peaks with 0 < < 0.3 are labeled as "s" while those with > 1 are labeled as "p".
b The transitions are labeled according to their best harmonic oscillator and diabatic electronic state representation, whenever possible. section (σ) as a function of the energy above threshold (∆E) and the orbital angular momentum of the ejected electron (l):
Thus, as the photon energy is lowered, the intensity of peaks with "s" PAD's increases with respect to those with "p" PAD's, as seen previously. 39, 40 IV. Theoretical Framework i. Model Hamiltonian. Calculations of the vibronic level structure of HCO 2 and DCO 2 were made using the quasidiabatic Hamiltonian approach of Köppel, Domcke, and Cederbaum (KDC). 41 The parametrization of the Hamiltonian used in this work is, however, considerably more elaborate than in typical applications of the KDC method. While a full discussion of the theoretical approach taken in the HCO 2 and DCO 2 calculations will be deferred to a subsequent detailed theoretical paper, 42 it is appropriate to give an outline here.
For the present calculations, which are designed to be accurate for states within roughly 0.25 eV (2000 cm -1 ) of the ground vibronic level, only the 2 A 1 and 2 B 2 electronic states of the radical were considered. The 2 A 2 state, clearly seen in the earlier experiments by Kim et al. 9 at ca. 0.5 eV, was excluded. More extended calculations of the spectrum, which are ongoing, demonstrate that the effects of coupling to the 2 A 2 state are negligible in the energy range pertinent to this study. Thus, the quasidiabatic Hamiltonian has the general form where the kinetic energy is assumed diagonal and A and B stand for the 2 A 1 and 2 B 2 electronic states, respectively. The theoretical foundation for this form of the Hamiltonian is extensively discussed Köppel et al. 41 and more recently by Ichino et al., 43 where the interested reader is referred for details. The construction of V in this work follows the spirit of the "adiabatic parameterization" approach described by Ichino et al., 44 and each block of the potential matrix is expressed as a polynomial in the basis of the dimensionless normal coordinates of the anion, viz.
where E 0 is arbitrary and ∆ 0 is the energy spacing between the two neutral states at the origin of the coordinate system (chosen as the anion geometry).
For HCO 2 and DCO 2 , the Taylor expansion of the diagonal blocks of the potential contains terms up to quartic in the totally symmetric modes (ν 1 , ν 2 , and ν 3 ), and through quadratic for the coupling modes (ν 5 and ν 6 ). All anharmonic mixing between the symmetric and coupling modes is assumed to be zero in the quasidiabatic basis. The out-of-plane distortion, ν 4 , has b 1 symmetry and does not couple the two states considered here; it is therefore active only through even-quantum transitions from the ground state which, in any event, do not appear to be seen in the range of the spectrum that is relevant to this paper. Its effect is seen only implicitly in terms of the energy gap between the two electronic states, as discussed at the end of this subsection.
As elaborated elsewhere, 44 the quasidiabatic and adiabatic (quantum chemical) potentials are coincident along the totally symmetric coordinates. Consequently, the corresponding potential constants (those that carry indices 1, 2, and 3 only) were obtained from straightforward ab initio calculations (see next subsection). In accord with the adiabatic parametrization approach, constants for the 2 B 2 and 2 A 1 states were evaluated at the corresponding minimum energy geometries. The coupling constants, which appear only in the off-diagonal block of the potential, were calculated analytically in the framework of the quasidiabatic ansatz and formalism of Ichino et al. 43 The coupling constants in this particular molecular system show a pronounced geometrical dependence, particularly those for v 6 with regard to the symmetric CO 2 symmetric stretch and bend modes (ν 2 and ν 3 ). Values of the coupling constants λ 5 and λ 6 at the 2 A 1 equilibrium geometry for HCO 2 are 2109 and 1341 cm -1 , respectively; at the geometry of the 2 B 2 state, the corresponding values are 2127 and 491 cm -1 . The coordinate dependence of λ 6 is so large that efforts to simulate the spectrum with an intermediate constant value were unsuccessful. Thus, the coupling constants were parametrized as follows. At the equilibrium geometries of the 2 A 1 and 2 B 2 states, the coupling constants λ 5 and λ 6 were evaluated analytically. It was then assumed that the constants vary linearly with displacement along the symmetric modes, i.e. a Peaks with 0 < < 0.3 are labeled as "s" while those with > 1 are labeled as "p".
b The transitions are labeled according to their best harmonic oscillator and diabatic electronic state representation, whenever possible.
The bilinear terms were first calculated by finite difference of analytic coupling constants around the reference geometry (that of the anion, which is between the two final state equilibrium geometries). The values ultimately used in the parametrization were obtained by scaling these "vertical" derivatives such that the coupling constants coincide with the analytic values at the final state equilibrium geometries. That is, the first-order variation of the coupling constants is constrained to the proportionality conditions that exist at the reference geometry but scaled such that the final state coupling constants match the ab initio calculations at the final state geometries. Quasidiabatic quadratic force constants (F ij ) that govern the coupling modes (ν 5 and ν 6 ) were then determined from the corresponding adiabatic force constant (f ij ) and coupling parameters via the easily derived and well-known second-order perturbation theory relation: 43 where E is the energy of the state of interest at its equilibrium geometry and E′ is the energy of the state to which it is coupled via λ i and λ j .
The final step in the adiabatic parametrization procedure is to express the potential constants discussed above, in which the expansion points are the minima of the final states, in terms of an expansion about the common reference geometry. This is a straightforward transformation in which force constants of a given order are determined by displacements of the final states relative to the reference state (D i ) and all of the same and higher order force constants (those expressed with respect to the final state geometries). 42 This technically applies to all of the constants, but the diabatic force constants for the coupling modes are, by construction, independent of the origin of the coordinate system since they are not present in the anharmonic part of the quasidiabatic potential. All anharmonicity involving ν 5 and ν 6 in the adiabatic potentials is carried by the coupling constants. The resulting potential matrix, when diagonalized, gives adiabatic surfaces that satisfy the following criteria:
(1) The adiabatic potentials, through quartic terms in the symmetric coordinates and quadratic terms in the nonsymmetric (coupling) coordinates, coincide precisely with those given by the ab initio calculations at the minima of the final states.
(2) The displacements from the reference (anion) geometry to the final state equilibrium geometries are the same as those given by the ab initio calculation, while the vertical energy gap is unaffected by the coordinate transformation.
Other features of the ab initio adiabatic potentials are not precisely reproduced, namely the vertical distance between the states at the final state equilibrium geometries, the gradient of the final state surfaces at the origin of the coordinate system (the vertical geometry), the adiabatic force fields of the states at the vertical (and other nonequilibrium) geometries, etc. The extent to which the latter parameters deviate from the ab initio values is related to how faithfully the Taylor expansions of the quasidiabatic potential blocks represent the physics of the problem in the relevant range of displacements. While a detailed discussion of this issue will appear in the forthcoming paper, 42 suffice it to say that with the quartic expansion used here, the representation of the actual adiabatic surfaces is excellent over the entire region of the potential surface that are relevant to the present spectroscopic study.
All parameters used in the calculations are given in Table 3 Table 4 . For DCO 2 , the corresponding ab initio harmonic frequencies are 847 and 754 cm -1 , for a zero-point differential ∆ 0 of 46 cm -1 . Thus, the parametrization of the Hamiltonian is "honest", apart from the shift of the vertical gap, and essentially purely ab initio. No empirical scaling or other fudge factors are used; the only assumption made is that of linear behavior for the coupling constants. The calculations were performed in a direct product harmonic oscillator vibronic basis using 30 functions for the totally symmetric modes, and 15 basis functions for the coupling modes ν 5 and ν 6 . The total size of the basis was 12 150 000 functions, and 3000 Lanczos recursions were performed to ensure convergence of the vibronic level positions to ca. 2 cm
The calculations required only a few hours on a laptop computer and are not computationally demanding. Assignments of the calculated level positions to a diabatic electronic state and vibrational mode were made on the basis of visual inspection of the nodal properties of the corresponding eigenvector. At relatively low energies, this was usually straightforward, but at higher energies the substantial mixing of zeroth-order states was so great, that some assignments were not attempted.
ii. Quantum Chemical Calculations. The adiabatic potentials were obtained with the coupled-cluster singles and doubles method, 45 as augmented with a perturbative treatment of triple excitations (CCSD(T)). 46 Minima and quadratic force constants were determined and calculated with the aid of analytic first [47] [48] [49] and second 50 derivative techniques, and the quartic potential surfaces found in Table 4 were determined from numerical fits of a 9 × 9 × 9 grid (721 points) of energies evaluated at specific displacements in terms of the normal coordinates of the anion. These calculations used the atomic natural orbital (ANO) basis set of Taylor and Almlöf, 51 truncated to 4s3p2d1f on C and O, and 4s2p1d on H. Core electrons were not included in the correlation treatment, and the spherical harmonic representations of the d and f polarization functions were used.
Quasidiabatic coupling constants were calculated analytically 43 with the equation-of-motion coupled-cluster technique known as EOMIP-CCSD 52 using the double-plus polarization (DZP) basis sets. 53 As the implementation is new, it was necessary to correlate all electrons in these calculations, due to an unresolved issue in how to treat orbital relaxation effects in such calculations when core orbitals are omitted. The variation of coupling constants with geometry was calculated by evaluating the constants analytically at fixed displacements of the nuclei along the three totally symmetric coordinates; derivatives were then obtained by central difference. This is a legitimate procedure in terms of the quasidiabatic ansatz of ref 43 , and is, to our knowledge, the first time that bilinear coupling constants have been calculated in a direct fashion. All ab initio calculations used the CFOUR program system.
iii. Adiabatic Potential Energy Surfaces. Diagonalization of the quasidiabatic potential (second term in eq 3) yields the adiabatic potential energy surfaces associated with the two lowest electronic states of formyloxyl. Along the totally symmetric coordinates these are, as mentioned above, identical to the diagonal blocks of V (the off-diagonal matrix element vanishes if the nuclear framework has C 2V symmetry) and are not particularly interesting. For HCO 2 and other molecules that exhibit strong pseudo-Jahn-Teller (PJT) effects, the dependence of the adiabatic potential along the coupling modes can be a very sensitive function of the diabatic coupling strength 54 (corresponding to λ 5 and λ 6 for HCO 2 ). If the coupling exceeds a threshold for a given energy gap ∆ between the two states
1/2 ), the adiabatic potential with respect to the coordinate q i becomes a double minimum with a local maximum at the high symmetry point. Thus, small energy gaps and/or large coupling strengths can act to distort the adiabatic potential surfaces so profoundly that the point group of the equilibrium geometry has a symmetry lower than that of the high-symmetry structure that must always prevail in the absence of coupling. 55 For HCO 2 , a pictorial representation of the lowest adiabatic surface is given in Figure 4 . Due to the fact that there are five relevant coordinates, the coordinate axes in Figure 4 do not correspond to simple isolated normal coordinate displacements. Each point of the potential represented in the figure corresponds to the energy of the lowest adiabatic state at a particular value of the anion coordinates q 3 and q 6 (which roughly correspond to the CO 2 bend (a 1 ) and the H in-plane wag (b 2 ), with the energy optimized with respect to all other coordinates. The salient feature of the potential, which will be discussed in more detail in ref 42 , is that the minimum energy C 2V geometry associated with the 2 A 1 electronic state is not a minimum on the adiabatic potential energy surface. That is, from the perspective of a quantum chemist, this electronic state of HCO 2 is "not C 2V " at the level of theory employed here. However, the magnitude of the barrier (which is less than 20 cm -1 ) is so small as to be well below the zero-point level; this little "dimple" in the potential thus has no particular physical relevance. As is amply demonstrated by this work, photodetachment of the anion to the 2 A 1 state of formyloxyl can be quite satisfactorily described within a C 2V framework; the observation of nonFranck-Condon transitions to levels involving odd number of quanta in the ν 5 and ν 6 coupling modes can be understood only in terms of vibronic coupling, in which the potential energy surface picture of the Born-Oppenheimer approximation is not strictly applicable, anyway.
In contrast to the 2 A 1 state, the 2 B 2 electronic state of formyloxyl is much simpler, exhibiting a pronounced minimum at the C 2V geometry. In terms of the quasidiabatic model Hamiltonian, the striking difference between the adiabatic potential for 2 A 1 and 2 B 2 states is a direct consequence of the coordinate dependence of λ 6 (see Table 3 ); at large values of the OCO angle, the coupling is significantly stronger than at small values of θ OCO . It should be noted that the other possibilitysthat the vertical gap between the two electronic states is significantly smaller at the 2 A 1 geometrysis not operative in this example. At the CCSD(T)/ANO1 level, the vertical energy differences between the states is 10 866 cm a Also included are the displacements (D i ) between the final state minima and the equilibrium structure of the anion, and the vertical energy gap ∆ 0 , as adjusted for the differential zero-point energy of the out-of-plane V 4 mode (see text for details).
be pointed out that the rather large difference in state splitting between the normal and deuterated isotopologues is due in part to the fact that CH(D) bond is substantially different in the two diabatic states, with a calculated harmonic frequency of 3106 and 2333 cm -1 , respectively for ν 1 in the A 1 and B 2 states of HCO 2 . More about the nature of the adiabatic potentials of these two states, as well as the somewhat higher-lying 2 A 2 state, will be discussed in ref 42 .
V. Discussion
Simulated spectra of HCO 2 -and DCO 2 -are shown as the lower plots in Figures 5 and 6 , respectively. The present simulations are limited to transitions to neutral states within 2000 cm -1 of the ground level. The stick spectra show the calculated positions and intensities of the individual transitions. Transitions to levels with A 1 and B 2 vibronic symmetries are shown in red and blue, respectively. The gray shaded spectra represent the sum of the A 1 and B 2 transitions convoluted with a 20 cm -1 full width at half-maximum Gaussian function. The top trace in each figure is a composite experimental spectrum made by joining parts of the three SEVI traces shown in Figures  2 and 3 . The composite spectrum is constructed from sections of the three SEVI traces that were not close to either the maximum and minimum electron binding energy. Each section was individually scaled to match the intensity of the SEVI spectrum taken at the highest photon energy and then spliced together at points that fall on the baseline. For the simulated HCO 2 and DCO 2 spectra, the calculated origin transition was aligned with the experimental peak labeled "A". The simulated spectra agree well with experiment, allowing straightforward assignment of the dominant features in the HCO 2 -and DCO 2 -SEVI spectra. These assignments are summarized in Table 1 and 2 along with the calculated positions of the corresponding vibronic levels. In these tables as well as in the following discussion, the transitions are labeled according to their best harmonic oscillator and diabatic electronic state representation, whenever possible. Peak A in the HCO 2 spectrum is the vibrational origin transition of the 2 A 1 state. The weak peak labeled C, lying 318 cm -1 above peak A, is assigned to the vibrational origin of the 2 B 2 state. This assignment implies that features having "p" and "s" PADs correspond to transitions to neutral levels having A 1 and B 2 vibronic symmetry, respectively. Peaks D, F, and H in the HCO 2 spectrum, have "p" PADs and are thus assigned to A 1 levels. Specifically, peaks D and F are assigned to the 3 0 1 and 3 0 2 ( 2 A 1 ) transitions, respectively, while peak H is assigned to the 3 0 1 6 0 2 ( 2 A 1 ) transition as well as a transition to a highly mixed level of A 1 vibronic symmetry. A transition to another highly mixed state of B 2 symmetry with a calculated position of 1968.6 cm -1 might also contribute to peak H. Peak B, E, and G have "s" PADs and are thus assigned to transitions to B 2 levels. Peak E, which lies 877 cm -1 above the 2 A 1 origin, is assigned to the 3 0 1 ( 2 B 2 ) transition while peak G is obtained at the CCSD(T)/ANO1 level using second-order vibrational perturbation theory. 42 The same process can be applied to the weak peaks labeled a-g in the DCO 2 -spectrum to assign them to similar hot band transitions involving the V 2 and V 3 modes. This analysis yields values of 1305 and 732 cm -1 for the DCO 2 -V 2 and V 3 fundamentals, respectively. These are again in excellent agreement with the 1309.1 and 736.9 cm -1 frequencies obtained from Ne matrix isolation experiments 24 and the corresponding ab initio fundamentals at 1311 and 745 cm -1 .
42
The present study unambiguously determines that the 2 A 1 electronic state is the ground state of both HCO 2 and DCO 2 , in contrast to the previous assignment for DCO 2 . 9 The adiabatic electron affinities are given by the position of the peak labeled "A" in both spectra and are determined to be EA(HCO 2 ) ) 3.4961 ( 0.0010 eV and EA(DCO 2 ) ) 3.5164 ( 0.0010 eV. Table 5 .
The calculated term energies for the 2 B 2 state are within a few wavenumbers of the experimental values, which is a very good indication of the accuracy of the ab initio method and quasidiabatic Hamiltonian approach used in this study. Moreover, most of the calculated vibronic level positions are found to be within 40 cm -1 of the experimental values. There are, however, some notable discrepancies between the simulated spectrum and the experiment with regard to the relative intensity of some of the features. Most of these can be explained in term of the Wigner threshold law, which modulates the relative intensity of the "s" and "p" features as a function of detachment photon energy and is not taken into account in the simulations.
The present work demonstrates how the combination of SEVI and state-of-the-art theory provides a powerful tool to unravel the complex vibronic structure of open-shell species. With respect to conventional PE spectroscopy, the high resolution afforded by SEVI allows the clear observation of close-lying and weak bands which otherwise would be strongly overlapping. A good example of this is the weak 2 B 2 origin peak in the DCO 2 spectrum which could not be resolved from the stronger 2 A 1 origin in the previous PE study and led to an erroneous assignment of the DCO 2 ground state. Moreover, in contrast to anion zero electron kinetic energy (ZEKE) spectroscopy, 56 a photodetachment technique with comparable resolution, SEVI retains the ability of photoelectron spectroscopy to observe transitions involving photoelectrons ejected with nonzero orbital angular momentum. In the present case, all the transitions to levels with B 2 vibronic symmetry (blue sticks in Figures 3 and  4) , which proceed mainly by p-wave detachment, would not have been observed with ZEKE, thus limiting the amount of spectroscopic information that could be obtained from the spectra.
On the other hand, the results presented here showcase the need for detailed theory to interpret SEVI spectra, especially when the neutral species is subject to strong pseudo-Jahn-Teller coupling. For example, the nominally forbidden 6 0 1 ( 2 A 1 ) and 3 0 1 6 0 1 ( 2 A 1 ) transitions are observed in the DCO 2 spectrum. These transitions have the same "p" PADs as the 2 B 2 electronic state from which they "borrow" intensity through vibronic coupling, similar to what was observed in CCS 39 and C 2 H. 40 In the case of DCO 2 , such an assignment is difficult to make a priori, because the 2 A 1 and 2 B 2 bands overlap one another. Under these circumstances, neither the intensites nor positions of the vibronically allowed transitions can be predicted with simple models. The theoretical treatment presented here thus provides an essential complement to the SEVI spectra by allowing the unambiguous assignment of the observed features.
VI. Conclusions
We report high-resolution SEVI photodetachment spectra of HCO 2 -and DCO 2 -to probe the 2 A 1 and 2 B 2 electronic states of the corresponding radicals. Vibronic levels of the HCO 2 and DCO 2 radicals with up to 2000 cm -1 of internal energy are calculated with a quasidiabatic Hamiltonian parametrized by high-level ab initio calculations. Spectral simulations using the calculated levels are found to be in good agreement with the experimental spectra and are used to assign most of its features. The combination of the spectral resolution of SEVI and the highlevel calculations reported here shows that the 2 A 1 state is the ground state of both HCO 2 and DCO 2 species. The 2 B 2 state is found to be a very low-lying excited state with term energies of T 0 ) 318 ( 8 cm -1 for HCO 2 and T 0 ) 87 ( 8 cm -1 for DCO 2 . Several gas-phase vibrational frequencies of the formyloxyl radical and formate anion were also determined for the first time. 
